In mammals, retinoic acid (RA) signaling is critical for spermatogonial differentiation and for 30 entering meiosis, the latter depending on RA-induced Stra8 gene expression. Many fish species, 31 including zebrafish, do not contain a stra8 gene, but RA signaling nevertheless is important for sperm 32 production. However, it is not known which stages of spermatogenesis respond to RA. Here, we show 33 in zebrafish that RA promotes spermatogonial differentiation and reduces the apoptotic loss of 34 spermatids, but is not required for meiosis. Some of the RA effects are mediated by other genes, in 35 particular rec8a. Surprisingly, androgens can partially compensate for the loss of RA signaling, and 36
Introduction 42 43
The production of spermatozoa from spermatogonial stem cells (SSCs) is a developmental 44 process that is regulated by a complex network of endocrine and local signaling pathways in the 45 vertebrate testis. One of the local signaling systems makes use of retinoic acid (RA), the biologically 46 active metabolite of vitamin A, which is crucial for mammalian spermatogenesis at a number of steps 47 (reviewed by (1)). In mice, RA is first required for the transition of undifferentiated to differentiating 48 spermatogonia (2), and again during meiotic initiation, the latter reflecting RA-triggered Stra8 49 (stimulated by retinoic acid 8) gene expression in the testis (3, 4). Moreover, STRA8-independent 50 pathways fine-tune RA action in the testis as shown for SALL4A (spalt like transcription factor 4; (5)) 51 and REC8 (REC8 meiotic recombination protein; (6)). A vitamin A (VAD) deficient diet arrested 52 spermatogonial differentiation (7-9), which was reversed by retinoid supplementation (10, 11). Also, 53 mice lacking different isoforms (α, β, γ) of the nuclear RA and retinoid X receptors (RARs and 54 RXRs) showed testicular abnormalities or sterility (12) and germ cell apoptosis (13, 14) . Dominant-55 negative mutant models of the RARα allowed further characterization of essential molecular functions 56 of RA signaling for germ cell development (15, 16). It is not clear if the RA dependency of 57 mammalian spermatogenesis represents an evolutionary conserved feature, as in this regard very little 58 is known in non-mammalian vertebrates including fish, in this regard. Interestingly, stra8-like genes 59 are absent in the genomes of a number of model species (including zebrafish [Danio rerio] and 60 medaka [Oryzias latipes]), so that this RA-responsive factor was suggested to be lost during the 61 evolution of teleost fish (17). More recently, however, stra8 genes were identified in other fishes. At 62 present, it seems that stra8 was lost specifically in the Acanthomorpha and Cypriniformes lineages 63 (18). While spermatogenesis proceeds in the absence of stra8 in these species, in the Southern catfish 64 (Silurus meridionalis), for example, entry into meiosis is a stra8-sensitive but not a stra8-dependent 65 process (19, 20) . Intriguingly, in species lacking stra8, such as Nile tilapia (Oreochromis niloticus) 66 and medaka, RA nevertheless promoted meiotic initiation (21, 22) . In zebrafish, RA-producing 67 (aldh1a2) and metabolizing (cyp26a1) enzymes are expressed in the adult testis (17), and inhibition of 68 RA production by exposure to WIN 18,446 reduced sperm production and fecundity (23), but the 69 1Biii inset). Already 4 days later (i.e. 14 dpi), many tubules contained type A diff and B spermatogonia 126 and spermatocytes (Supplementary file 1Biv) . This repopulation of the seminiferous epithelium shows 127 the regenerative capacity of the surviving type A und spermatogonia. In recovering testes the relative 128 areas occupied by differentiating spermatogonia (i.e. type A diff and B), but also by Leydig cells, was 129 significantly larger than in the untreated control group; the area occupied by spermatozoa was still 130
half that in controls indicating that the recovery did not yet reach this cell type (Figs. 1A and B) . 131
In order to learn more about the molecular network controlling germ cell development during 132 the recovery process, we carried out RNA sequencing (RNAseq) on: 1) untreated adult zebrafish 133 testes, 2) germ cell-depleted testes, and 3) testis tissue collected at the beginning of the recovery 134 period. Assuming that the recovery of spermatogenesis in our experimental model is achieved by 135 stimulating both spermatogonial self-renewal and differentiation, we first checked for the expression 136 of germ cell-marker genes. As expected, in depleted testes, in which A und spermatogonia are the only 137 germ cells present, we found strong expression of marker genes forSSCs and self-renewal factors 138 (55), while the relative expression of these genes decreased in recovering testes that contain other 139 germ cell types as well (Supplementary file 1C) . In contrast, markers for differentiating spermatogonia 140
were reduced in germ cell-depleted and elevated in recovering testis tissue (Supplementary file 1C) . 141
Comparison of the mRNA profiles of untreated and germ cell-depleted testes revealed that 2/3 rd of the 142 differentially expressed genes (DEGs) were down-rather than up-regulated in depleted testes (1940 143 and 994, respectively; Supplementary file 2A). Similarly, the majority of KEGG terms significantly 144 enriched in germ cell-depleted testes were down-regulated (Supplementary file 2A), including 145 pathways related to cell cycle and meiosis, as well as others involved in a variety of development 146 processes (i.e. Jak-STAT, Hedgehog, ErbB, or mTOR signaling). Among the up-regulated KEGG 147 terms, steroid hormone biosynthesis, retinol metabolism and immune-related pathways were 148 identified. Interestingly, most of the significantly modulated signaling pathways found in germ cell-149 depleted testes were also observed at the beginning of the recovery period but followed the opposite 150 expression pattern (Supplementary file 2A and B) . During recovery, the number of up-regulated DEGs 151 exceeded the down-regulated ones (2344 and 1613, respectively; Supplementary file 2B), in contrast 152 to the observation in depleted testes. 153
Analysis of the mRNA profiles of recovering and control testes provided a much lower number 154 of DEGs (i.e. 442; Fig. 1C ) than in the previous comparison (i.e. 3957; Supplementary file 2B), but 155 showed a similar pattern since most transcripts identified were stimulated in their expression levels 156 (371 out of 442; Fig. 1C ). All KEGG pathways significantly affected were up-regulated (Fig. 1E) , 157 including TGF-beta, steroid hormone, GnRH, PPAR, MAPK signaling systems, as well as 158 extracellular matrix (ECM) structure and remodeling-related pathways (such as focal adhesion, cell 159 adhesion molecules, ECM-receptor interaction). When searching for common and specific DEGs, 123 160 genes were found in both data sets and 3834 or 319 specifically regulated during recovery with 161 respect to the depleted or control conditions, respectively (Fig. 1D) . Examining the biological 162 functions enriched among recovery-regulated genes by GO analysis showed numerous overlapping 163 gene sets (sharing a similar function/GO identifier) that were grouped in 8 different clusters (encircled 164 in Fig. 1F ). 131 DEGs form the main cluster (Developmental process; Fig. 1F Furthermore, gene sets related to a variety of different metabolic processes were enriched in 170 recovering compared to untreated control testes (Lipid metabolic process, Response to stress, Calcium 171 ion binding and Hormone metabolic process clusters; Fig. 1F ). Within the list of DEGs belonging to 172 that category, steroidogenesis-related enzymes were increased in their transcript levels (e.g. hsd3b1, 173 hsd11b2 and cyp17a1). Not connected to the main group, or to each other, functional enrichment 174 results moreover include clusters such as Cell adhesion, Carbohydrate binding and Peptidase activity 175 (Fig. 1F) . 176 177
Retinoid-mediated stimulation of spermatogonial development 178
Having found several genes involved in RA-signaling, we studied the potential role of this 179 signaling system in zebrafish spermatogenesis. First, we examined if the significant up-regulation of 180 the GO-term "Response to retinoic acid" could be supported experimentally, using a primary testis 181 tissue culture system. Upon ex vivo exposure to the RA precursor RE, the area in testis sections 182 occupied by type A diff and B spermatogonia increased ( Figs. 2A and C) , as well as the proliferation 183 activity of these germ cell types (Figs. 2B and D) . Consistent with the morphological data, the mRNA 184 levels of piwil1 and dazl increased (Fig. 2E) . Also, elevated transcript levels of the RA-producing 185 enzyme aldh1a2 and of fshr were observed, but exposure to RE did not modulate the transcript levels 186 of selected growth factors (amh, igf3, insl3; Fig. 2E ). Similar changes in germ cell-marker gene 187 expression were found in response to RE and RA when examining primary cultures of enzymatically 188 dispersed testicular cells, with elevated piwil1 and nanos2 transcript levels (Supplementary file 3A) . 189 Also, aldh1a2 expression was stimulated by RE in both cell and tissue cultures ( Fig. 2E and  190 Supplementary file 3A), while RA did not have this effect in cell suspension experiments 191 (Supplementary file 3A) . In contrast, while RE did not change cyp26a1 mRNA (encoding an enzyme 192 metabolizing RA) levels in tissue cultures, it did so in cell cultures, an effect that was even stronger 193 after exposure to RA (Supplementary file 3A) . Consistent with the RE-induced increase in type A diff 194 and B spermatogonia (Fig. 2C) , chemical inhibition of RA production by DEAB decreased the 195 frequency of these spermatogonia in tissue culture (Fig. 2F) . The DEAB-induced increase in germ 196 cell apoptosis may have contributed to the decrease in the section area occupied by differentiating 197 spermatogonia (Fig. 2F) , as DEAB treatment did not affect spermatogonial proliferation (Fig. 2G) . In 198 terms of gene expression, slight but significant decreases in fshr transcripts levels were found in the 199 presence of DEAB, while growth factor expression did not change (Fig. 2H ). These data indicate that 200 RA signaling promotes differentiating spermatogonial numbers by stimulating their proliferation and 201 reducing germ cell apoptosis 202 203 sall4 and rec8 mediate RA effects in the zebrafish testis 204
To find the mechanisms mediating RA effects in the zebrafish (missing a stra8 gene), we tested 205 the expression of sall4 and rec8 (a and b paralogs), previously identified as components of Stra8-206 independent pathways mediating RA signaling in mammals (5, 6). We found that RA and RE 207 increased the transcript levels of sall4 and rec8 (Fig. 3A) . We then examined if knocking down sall4, 208 rec8a and rec8b transcripts mimicked the effects of a DEAB-induced reduction of RA levels on germ 209 cell development. Specific GapmeRs for sall4, rec8a and rec8b reduced target transcripts levels and 210 reduced the expression of piwi1l and dazl, marker genes for differentiating spermatogonia, and also 211 for meiotic markers sycp3 and odf3b (Figs. 3 B-D) . In order to investigate the cellular expression of 212 sall4, rec8a and rec8b, pooled testicular cell suspensions obtained from Tg(vasa:EGFP) testes (Fig.  213   3E) were FACS sorted and EGFP-negative and EGFP-positive fractions were analyzed by qPCR. As 214 shown in Fig. 3F , sall4 transcripts were enriched in EGFP-positive cells, indicating its preferential 215 expression in germ cells (see Supplementary file 3B for further details). In addition, sall4 expression 216 was reduced in busulfan-treated testes (-6.59-fold; Dataset 1). In a similar way, rec8 paralogues 217 tended to be enriched in the EGFP-positive fraction (Fig. 3F) . Altogether, these observations suggest 218 that at least in part retinoids stimulate zebrafish spermatogenesis in a sall4-and rec8-dependent 219 manner through factors operating in germ cells. 220
221
A dominant-negative raraa transgene targeted to germ cells disturbs spermatogenesis 222
To obtain further evidence for the germ cell-specific role(s) of RA-signaling, we generated 223 transgenic zebrafish (named dn-raraa) expressing a truncated form of the RA receptor alpha a (Raraa) 224 in germ cells, in a similar way as described previously for mammals (56) and zebrafish (57). 225
Transgenesis efficiency was first analyzed in larvae at 3-4 days post-fertilization, based on 226 EGFP-positive hearts and mCherry-positive germ cells in the genital ridge (Fig. 4A ). Transgene 227 expression was confirmed in a later stage as shown in Supplementary file 4A. Morphological 228 evaluation of 6 months adult dn-raraa testes revealed clear defects in spermatogenesis, including 229 germ cell-depleted areas, abnormal cystic organization and massive apoptosis (Fig. 4Biii-vi and  230 Supplementary file 4B). Quantitative evaluation of spermatogenesis showed relative smaller areas 231 occupied by type A diff spermatogonia and spermatocytes. The category "Others" (including empty 232 areas and germ cell-depleted tissue), was also higher in 6 months adult dn-raraa testes (Fig. 4C) . 233
Unexpectedly, the germinal epithelium had largely recovered in 9 months adult dn-raraa males (Figs. 234 4Bvii-viii and C), even showing a higher gonadosomatic index than wild type (WT) siblings (Fig.  235   4D) . Despite the apparent recovery of spermatogenesis, clear fertilization problems were associated 236 with the over-expression of the truncated receptor encoded by the raraa DN391 transgene, since the 237 ability to fertilize eggs was low in all transgenic compared to WT males, which may be related to the 238 increased apoptotic incidence of post-meiotic germ cells found in 9 months-old transgenic males (Fig.  239 4Bix-xi). Moreover, those eggs that were fertilized with transgenic sperm showed a four times lower 240 survival rate (Fig. 4E) . Analysis of RA-related gene expression showed a consistent down-regulation 241 of rec8a in adult dn-raraa males, while the raraa DN391 transgene mRNA levels were strongly 242 enhanced compared to WT (undetectable levels in all WT testis samples; Fig. 4F ). Transcript levels of 243 steroid production/signaling genes (star, hsd3b1 and ar) were significantly enhanced, but only in the 6 244 months-old dn-raraa males. 245
Interestingly, the relative area occupied by Leydig cells and the expression levels of the Leydig 246 cell-derived factor insl3 increased (but not the myoid cell-specific tagln; Fig. 4G ). Therefore, our 247 observations suggest that Leydig cell products are involved in promoting the spermatogenic recovery 248 in the absence of germ cell RA signaling. This recovery process had reached a new equilibrium at 9 249 months of age, allowing full spermatogenesis although sperm quality remained poor. 250
251

RA supports androgen production 252
Since disturbing RA signaling in germ cells promoted Leydig cell activity, which usually is 253 regulated by pituitary gonadotropins, we speculated that in our dn-raraa mutant males, a feedback 254 loop involving the brain-pituitary system became activated. We therefore decided to examine RA 255 effects on basal and gonadotropin-stimulated testicular androgen production. As gonadotropin, we 256 used zebrafish Fsh, which is a potent steroidogenic hormone as not only Sertoli but also Leydig cells 257 express the Fsh receptor; moreover, only Fsh, but not Lh, increased the expression of selected 258 steroidogenic genes (47). 259
Fsh has a clear stimulatory effect on androgen production. However, when RA synthesis was 260 inhibited after 2 days of tissue culture, the Fsh-induced stimulation on androgen release was 261 compromised, and could not be reversed by adding exogenous RA (Fig. 5A ). While basal androgen 262 release was not changed after 2 days (Fig. 5A) , it did decrease after inhibiting RA production when 263 the incubation period was prolonged to 7 days (Fig. 5B) . Further evidence for the relevance of RA 264 signaling for steroid production was obtained by GapmeR-mediated knockdown of sall4 and rec8a 265 that reduced testicular transcript levels of the steroidogenesis-related genes star and cyp17a1 (Figs. 266 5C and D). Knockdown of rec8b had no effect (data not shown). 267
268
Androgen and RA signaling interact to drive spermatogenesis 269
Our data suggest that RA signaling supports androgen production, as was reported very recently 270 in mice (58). However, it is not known whether RA also supports stimulation of spermatogenesis by 271
androgens. To study this, we first examined androgen effects alone. Testis tissue responded to 11-272 ketotestosterone (11-KT), the main teleost androgen, by an up-regulation of several germ cell-marker 273 genes ( Figs. 6A and B) . Morphometric evaluation showed that 11-KT slightly increased the numbers 274 of A diff spermatogonia and more clearly of spermatids, while reducing the incidence of apoptosis (Fig.  275 6C). Inhibiting RA production reduced the stimulatory effect of 11-KT on 4 out of 7 germ cell-276 markers (Figs. 6D and E), which was also reflected in reduced proportions of spermatocytes and 277 spermatids, the latter just not reaching significance (Fig. 6F) . Surprisingly, the presence of 11-KT 278 could not prevent the DEAB-induced increase in apoptosis ( the presence of RE affected apoptosis. Since this was not the case ( Fig. 7A) , it seems possible that 285 androgens elevate RA production, which may then prevent/reduce apoptosis. Indeed, short-term (4 286 days) ex vivo and long-term (5 weeks) in vivo exposure to androgen increased aldh1a2 transcript 287 levels; also cyp26a1 transcript levels increased, although not significantly in the in vivo experiment 288 (Fig. 7D ). These results suggest that androgen-induced RA production and metabolism reduces 289 apoptotic germ cell loss. 290
Inhibiting steroid production in the presence of RE also provided evidence for a so far 291 undetected steroid effect: A und spermatogonia accumulated in the absence of steroids (Fig. 7A) without 292 affecting their proliferative activity (Fig. 7B ). This suggests that in zebrafish steroid hormones 293 stimulate the transition of A und to A diff spermatogonia. Considering that the RE-induced changes of 294 sall4 and rec8a transcript levels remained unaffected when inhibiting steroid production by trilostane 295 (TRIL; Fig. 7C ), it seems unlikely that steroids modulate retinoid effects but may instead support RA 296 production (see Figs. 7 D and E). Similarly, the observed accumulation of spermatocytes (Fig. 7A ) 297
suggests that steroid hormones stimulate spermatocyte development. This possibility is in line with 298 the androgen-induced increase in spermatids numbers (Fig. 6C) . 299 300
Retinoid signaling contributes to Fsh-stimulated spermatogonial differentiation 301
Basal and Fsh-stimulated androgen production as well as androgen action were supported by 302 RA-signaling (Figs. 5 and 6), and it is possible that androgens stimulated RA production/metabolism 303 (Fig. 7) . Since Fsh is a major regulator of androgen production in fish, we asked if Fsh -via steroid 304 hormones or otherwise-modulates testicular RA production. 305
Blocking RA production reduced the Fsh-stimulated proliferative activity of A and B 306 spermatogonia, decreased the frequency of type A diff and B (but not A und ) spermatogonia, and 307 increased the incidence of apoptosis among germ cells (Figs. 8A and B) . Interestingly, Fsh increased 308 testicular RA production ( Fig. 8C ) and subsequently the expression of the RA target genes sall4, 309 rec8a and rec8b. This stimulation occurred in a steroid-independent manner but was blocked by 310 inhibition of RA synthesis (Fig. 8D ). This suggests that part of the biological activity of Fsh is 311 mediated via the stimulation of RA production. 312
To further investigate retinoid effects on spermatogonial proliferation, we used an experimental 313 model based on estrogen-inhibited Fsh and androgen levels causing an accumulation of type A 314 spermatogonia (36, 59) (see Fig. 8E ). This testis tissue, enriched for type A spermatogonia, was then 315 used in tissue culture experiments. The cultured testes were first exposed for 2 days to DEAB and 316 BMS493, a pan-RA receptor antagonist, to block both RA synthesis and action. By examining transcriptional changes in the zebrafish testis during initial stages of 329 spermatogenic recovery after pharmaceutical germ cell depletion, we reveal activation of a 330 transcriptional network that includes growth and differentiation factors, together with a stimulation of 331 retinoid and androgen signaling. For the first time in fish, we have identified specific germ cell types 332 responding to RA signaling, finding evidence for a regulatory link between the reproductive 333 hormones Fsh and androgens on one side, and RA production and action on the other (summarized 334 schematically in Fig. 9 ). Although a stra8-like gene is missing in zebrafish, RA regulation is still 335 required for normal spermatogenesis, possibly using other target genes as rec8a. Different from 336 mammals, RA signaling in zebrafish is not critical for meiosis, spermatogenesis and sperm production 337 and after an initial period of poor spermatogenesis with age there even is recovery, likely involving 338 androgen-driven compensation. It appears that RA-mediated regulation of testis physiology is 339 conserved in vertebrates, but different mechanisms are used in different taxonomic groups. While RA 340 signaling is strictly required for germ cell survival and development in mammals, fish 341 spermatogenesis still proceeds when RA signaling is disturbed but produces sperm of low quality. 342 343
Transcriptomic profiling identifies retinoid and steroid signaling pathway activation during 344 germ cell recovery 345
Using an established experimental model (54, 60), we created spermatogenic tubules containing 346
Sertoli cells and a small number of A und spermatogonia, probably representing surviving SSCs. We 347 assume that the spermatogenic recovery observed some days later was fueled from these stem cell 348 niches. Depleted testis tissue was characterized by the transcriptional enrichment of the "Retinol 349 metabolism" and of the "Steroid hormone biosynthesis" pathways, the latter being consistent with the 350 enhanced androgen production found in busulfan-depleted testis tissue in our previous study (54) . 351
Increased androgen signaling may have supported the spermatogenic recovery, considering the 352 stimulatory effect of androgens on zebrafish spermatogenesis (36, 45, 46) (Fig. 6) . analyses during early recovery showed a remarkable increase in the number of differentiating 361 spermatogonia compared to both busulfan-depleted and untreated control testes. It appears that after 362 SSC regeneration, rapid and widespread differentiation of spermatogonia is the response of the 363 zebrafish testis to the cytotoxic insult, associated with the activation of retinoid and steroid signaling. 364
These coincident changes prompted us to examine experimentally retinoid/androgen signaling 365
interactions. 366 367
Retinoids directly control spermatogonial differentiation in zebrafish in a Stra8-independent 368 manner 369
Our results indicate that as in mammals (3, 7, 15) in zebrafish too, RA is required for 370 spermatogonial differentiation. However, in zebrafish besides RA also androgens are crucial for 371 spermatogonia to differentiate, as A und spermatogonia accumulate when androgen production is 372
blocked. This arrest of spermatogonial differentiation in the absence of androgens occurs despite the 373 presence of RE, indicating that both retinoids and androgens are needed to induce differentiation. 374
Besides its role in the induction of spermatogonial differentiation, RE also stimulates proliferation of 375 type A und and A diff spermatogonia in testis tissue enriched for type A spermatogonia after 376 administration of Fsh. This effect was androgen-independent as it could not be blocked by inhibition 377 of steroid production with trilostane (Figs. 8E-G). Under similar circumstances (i.e. using testis tissue 378 enriched in type A spermatogonia), spermatogonial differentiation was promoted by Fsh-stimulated 379 release of Insl3 and Igf3 (49). In the present context, it seems possible that Fsh creates a growth factor 380 environment, in which exogenous RE not only further stimulates the proliferation of type A diff , but 381 also of type A und spermatogonia, promoting differentiating proliferation in both type A spermatogonia. 382
The mechanism by which RA stimulates spermatogonial differentiation in mice involves KIT 383 (reviewed in (2)). This may be different in zebrafish, where we did not observe a clear modulation of 384
Kit ligand transcript levels (Supplementary file 6) . Moreover, RA action also did not involve changes 385 in transcript levels of growth factors known to modulate germ cell differentiation in zebrafish (e.g. 386
Igf3 (51, 64), Insl3 (48, 49) and Amh (53, 64, 65)). Instead, we found that the previously described 387 mouse RA-regulated germ cell factors, SALL4A (5, 66) and REC8 (6), may mediate induction of 388 differentiation in the zebrafish testis. Our gene expression studies on FACS-enriched zebrafish germ 389 cells suggest direct retinoid effects on transcript levels of these genes in germ cells. In mice, the germ 390 cell-specific expression of Sall4a is controlled by RARγ (5) and its genetic ablation in spermatogonia 391 results in the loss of differentiating germ cells (66). In zebrafish, RA signaling also increased sall4 392 transcript levels in spermatogonia, and knockdown of sall4 decreased expression of germ cell-marker 393 (and steroidogenesis-related) genes, which is in line with reduction of differentiating spermatogonial 394 cell numbers after blocking RA synthesis. REC8 is a meiosis-specific cohesin component expressed 395 in early spermatocytes in rodents (67, 68). Loss of the Rec8 locus in mice results in high mortality 396 rates and sterility in both sexes; in males surviving until adulthood, haploid germ cells are absent (69). 397
Since both isoforms of the rec8 gene are up-regulated by retinoids, it is possible that Rec8 mediates 398 RA-stimulated germ cell development also in zebrafish. Indeed, knockdown of rec8a and rec8b 399 causes a significant decrease on germ cell-marker gene expression, suggesting that rec8 may mediate 400 part of the RA effects in zebrafish germ cells. 401
402
Germ cell-specific inhibition of RA signaling 403
In our dominant-negative transgenic zebrafish model with a germ cell-specific inactivation of 404 RA signaling, at 6 months of age there is partial germ cell depletion and increased apoptosis. Still, 405 spermatogonial differentiation, meiosis and the production of mature sperm occurs, resulting in a 406 quite heterogeneous testis histology. This differs from the generalized block of spermatogonial 407 differentiation found in mice using a similar transgenic approach (15). However, sperm quality was 408 clearly compromised in these transgenic zebrafish, with reduced fertilization rates and a high 409 mortality of the (few) resulting embryos within the first 24 hours of development. Unexpectedly, at 9 410 months of age spermatogenesis recovers in terms of testis histology, and a testis weight clearly above 411 wild type control levels. The latter seems related to the prominent increase in the numbers of 412 interstitial cells in transgenic zebrafish. We speculate that the accompanying enhanced levels of 413 steroidogenesis-related genes and androgen receptor transcripts, indicate that Leydig cell activation 414 occurs, allowing an androgen-mediated spermatogenic recovery. However, the spermatogenic 415 recovery in transgenic zebrafish did not improve the low sperm quality. More work is required to 416 clarify what signaling mechanisms are involved in this response and their significance for testis 417 physiology. Considering the three candidate genes studied by GapmeR-mediated knockdown, we 418 assume that in particular rec8a plays an important role in the germ cells' response to retinoids, as 419 indicated by its consistent down-regulation in the testes of dn-raraa transgenic fish. Interestingly, 420 knockdown of rec8a (but not rec8b) also led to a significant decrease of steroidogenesis-related 421 transcripts, which may be related to the reduced testicular androgen release after blocking RA 422 production (Fig. 5) . Taken together, our functional evidence shows that the germ cell-specific lack of 423 RA signaling results in a clear spermatogenesis phenotype in young adults that partially recovers 424 within 3 months, associated with Leydig cell over-activation, and that Rec8 may be one of the 425 mediators of RA action in the zebrafish testis. androgen-induced increases in transcript levels of mitotic and meiotic germ cell-markers are 437 compromised by blocking RA production, which also elevates apoptosis among spermatocytes and in 438 particular spermatids (Fig. 6) . Blocking steroid production in the presence of RE, on the other hand, 439
leads to an accumulation of type A und spermatogonia and spermatocytes (Fig. 7) . This suggests that 440 retinoid-stimulated production of type A spermatogonia and meiotic cells is complemented by 441 androgen signaling that promotes spermatogonial differentiation and completion of meiosis, 442
respectively. Therefore, we propose that androgens and retinoids target developmental steps during 443 spermatogenesis in a complementary manner to guarantee efficient sperm production in zebrafish. 444
Such an androgen/retinoid interplay in regulating the differentiation of spermatogonia is a new 445 observation in the vertebrate testis. However, interactions between androgen and RA signaling were 446 demonstrated in the lacrimal gland (73), hippocampus (74) and prostate carcinoma cells (75). 447
Different from mammalian models, where preventing either androgen or retinoid signaling completely 448 blocked spermatogenesis, removing one of these pathways in zebrafish still allows (some) sperm 449 production to occur, albeit in a compromised manner. 450
In zebrafish, an important effect of blocking retinoid signaling is to increase apoptotis of 451 spermatocytes and in particular spermatids, while there is no block in spermatogonial differentiation 452 and entry into meiosis of spermatocytes. In contrast, in mammals, spermatogonial differentiation and 453 entry into meiosis are completely blocked in the absence of RA signaling, and a potential interaction 454 of RA signaling on androgen action has not been demonstrated so far. The meiotic block in ARKO 455 mice is associated with increased germ cell apoptosis (76), but this seems to be a phenomenon 456 independent of RA signaling. In zebrafish, inhibition of steroid production in the presence of RE has 457 no effect on germ cell apoptosis, while the androgen-induced decrease of apoptosis (Fig. 6C) may 458 reflect androgen support of RA production. Thus, our data suggest that 11-KT and RA promote the 459 production of differentiating spermatogonia, while 11-KT (but not RA) also promotes the completion 460 of meiosis, and RA (but not 11-KT) increases the efficiency of spermiogenesis by reducing the 461 apoptotic loss of spermatids. 462
463
Fsh increases RA production and uses retinoid signaling to stimulate spermatogenesis 464
Fsh is an important hormone regulating spermatogenesis also in zebrafish (49). Its action in the 465 fish testis is mediated by Sertoli and Leydig cells, both expressing the fshr gene (47, 77-79), so that 466
Fsh is a potent steroidogenic hormone (47, 78, 80, 81) and also modulates growth factor production 467 (49). We now have shown that another role of Fsh is to increase testicular RA production, thereby 468 stimulating RA target gene transcript levels. Hence, the biological activity of Fsh in the zebrafish 469 testis may, in part, be mediated by RA signaling. Vice versa, RA biosynthesis seems to benefit from 470
Fsh-stimulated androgen production considering that aldh1a2 (encoding the RA-producing enzyme in 471
zebrafish (17, 82)) transcript levels increase upon androgen treatment under ex vivo and in vivo 472
conditions. The also concomitant androgen-mediated increases of cyp26a1 suggest that complex 473 mechanisms for RA production and degradation operate in the adult testis, similar to other tissues in 474 zebrafish (83). 475
476
Material and Methods 477 478
Animals 479
Sexually mature wild type (WT; AB strain) and transgenic Tg(vasa:EGFP) (84) and 480
Tg(vasa:raraa_S392stop-IRES-mCherry, myl7:EGFP) -referred to as dn-raraa-zebrafish (Danio 481
rerio) males, were used for the experiments described in the present study. For the construction of the 482 transgenic line dn-raraa, the amino acid sequence of the endogenous zebrafish Raraa (the most 483 similar isoform to human RARα; ~80% similarity) was aligned with the amino acid sequence of a 484 dominant-negative mutant form of the human RAR⍺ previously described (RAR⍺403*; (56)). This 485 truncated receptor (Raraa DN391 ) protein misses the C-terminal domain required for interacting with 486 cofactors to activate transcription, but is able to dimerize with endogenous Rar and Rxr proteins and 487 then bind to RARE (RA response element) motifs. First, the raraa DN391 cDNA sequence was PCR-488 amplified (Advantage 2 PCR Kit, Clontech) using testis cDNA and subcloned into pME-MCS (85). 489
Using Gateway technology, the raraa DN391 sequence, followed by an internal ribosome entry sequence 490 (IRES) and the mCherry-coding region, was placed under the control of the vasa promoter and 491 inserted into pDestTol2CG2 (85). The latter plasmid includes a cardiac myosin light chain 7 492 regulatory (myl7) enhancer-promoter gene driving EGFP that can be used as screening tool. (from 27 to 35⁰C; ~1⁰C increment/day), adult zebrafish males were exposed to 35⁰C for 14 days and 501 injected with the cytostatic agent busulfan (single intraperitoneal injection after 7 days at 35⁰C; 40 502 mg/Kg). Then, fish were placed back to normal water temperature and testis samples were collected at 503 different time points. Morphological analysis of testicular samples showed maximum germ cell 504 depletion 10 days post busulfan injection (i.e. 10 dpi; Supplementary file 1Biii) and the recovery of 505 endogenous spermatogenesis ~14 dpi (Supplementary file 1Biv) . 506
Total RNA was isolated from 1) testes of untreated adult control zebrafish, 2) germ cell-507 depleted, and 3) testis tissue at the beginning of the recovery period, using the miRNeasy Mini Kit 508 (Qiagen) according to the manufacturer's protocol. RNA integrity was checked with an Agilent Bio-509 analyzer 2100 total RNA Nano series II chip (Agilent). Only samples with a RNA integrity number > 510 
Testis tissue culture 535
Using a previously established ex vivo culture system (37), adult zebrafish testis tissue was 536 incubated in the presence of various test compounds to investigate retinoid involvement in 537 spermatogenesis including retinoic acid (RA), retinol (RE, RA precursor), 4-538 diethylaminobenzaldehyde (DEAB, RA production inhibitor (95, 96)) and BMS493 (pan-RA receptor 539 antagonist (97, 98)). All these compounds were purchased from Sigma-Aldrich and used at the same 540 final concentration of 10 µM. Additional ex vivo experiments were performed to test the effects of 541 recombinant zebrafish Fsh (100 ng/mL (47)) and 11-ketotestosterone (11-KT, 200 nM; Sigma-542 Aldrich). When focusing on the effects not mediated by steroid hormones, incubations were carried 543 out in the presence of trilostane (TRIL, 25 µg/mL; Sigma-Aldrich), which prevents the production of 544 biologically active steroids. Moreover, an androgen insufficiency model was employed to obtain the 545 results presented in Figs. 8E-G. Briefly, before collecting testis tissue for ex vivo culture, the fish were 546 exposed to 10 nM 17-β estradiol (E2; Sigma-Aldrich) in vivo for 3 weeks with a daily change of the 547 E 2 -containing water. Using this approach, endogenous spermatogenesis is interrupted such that type A 548 spermatogonia accumulate while the testes become depleted of type B spermatogonia, spermatocytes 549 and spermatids (59). 550 551
Testicular cell suspension and culture 552
To investigate the cellular localization of testicular sall4, rec8a and rec8b expression, we used 553 testes from transgenic Tg(vasa:EGFP) zebrafish expressing enhanced green fluorescent protein under 554 the control of the germ cell-specific vasa promoter (84). Testis tissue from ~10 transgenic fish was 555 digested with 1 mg/mL collagenase/dispase solution at 27⁰C for 2 hours with gentle shaking (99). The 556 resulting cell suspension was filtered through a 70 µm filter and subsequently through a 40 µm filter 557 (BD Bioscience) before centrifugation at 500 rpm for 10 min. The cell pellet was resuspended in PBS 558 (phosphate-buffered saline; pH 7.4) and the resulting suspension immediately submitted to 559 fluorescence-activated cell sorting (FACS) using an in Flux cell sorter (BD Bioscience). 560
Autofluorescence was removed through the FACS dot plot profile generated with a testicular cell 561 suspension from WT males. EGFP-positive and -negative cells were collected, centrifuged in PBS at 562 1000 rpm for 10 min and the pellet stored at -80⁰C until use. 563
In addition, testicular cell suspensions were performed using WT testes and then submitted to 564 culture conditions. Briefly, ~5x10 5 cells/mL were transferred to 25 mL culture flasks and cultured in 565 L-15 supplemented medium (Gibco) containing 2% UltroserTM G serum substitute (Pall Corporation) 566 at 27⁰C for 3 days. Using this method, somatic cells adhere to the bottom of the plate while germ cells 567 remain in suspension. Subsequently, an equal number of cells (including both germ and somatic cells 568 after a brief trypsin wash) were transferred to 12 well plates and cultured at 27⁰C for 3 days in basal, 569 RA-(10 µM) and RE-treated (10 µM) conditions. Upon incubation, cells were centrifuged at 1000 570 rpm for 10 min and the pellet stored at -80⁰C until use. 571
In vivo exposure to androgen 573
Adult male fish were submitted to water containing 100 nM 11-ketoandrostenedione (OA) or 574 control untreated conditions in vivo for 5 weeks with a daily change of water (as described in (36)
Sample preparation and analysis 580
Under some of the experimental conditions described in this study (Testis tissue culture 581 section), type A and type B spermatogonia proliferation activity was investigated by studying the 582 incorporation of the S-phase marker bromodeoxyuridine (BrdU; 50 µg/mL, Sigma-Aldrich), which 583 was added to the medium during the last 6 hours of the culture period. After incubation, testis tissue 584 was fixed at room temperature for 1 hour in freshly prepared methacarn (60% [v/v] methanol, 30% 585 chloroform and 10% acetic acid glacial; Merck Millipore) and processed for subsequent analysis. To 586 quantify spermatogonial proliferation, the mitotic index was determined by examining at least 100 587 germ cells/cysts, differentiating between BrdU-labeled and unlabeled cells. To evaluate the proportion 588 of area occupied by different germ cell types in 4% glutaraldehyde fixed tissue (4⁰C, overnight), 10-589 15 randomly chosen fields were photographed at ×400 magnification and the images were analyzed 590 quantitatively using ImageJ software. With a specific plugin, a 540-point grid was made to quantify 591 the proportion of the area for the various germ cell types, based on the number of points counted over 592 those germ cell types. For both purposes (BrdU incorporation and area analyses), testis tissue was 593 dehydrated, embedded in Technovit 7100 (Heraeus Kulzer), sectioned at a thickness of 4 μm. The 594 germ cells/cysts were identified according to previously published morphological criteria (100). 595
Additional ex vivo experiments and testicular cell suspensions were carried out to investigate 596 candidate gene expression in response to different experimental conditions. For all these experiments, 597 total RNA was isolated using the RNAqueous Kit (Ambion) following the manufacturer's 598 instructions. Relative mRNA levels of candidate genes were analyzed by real-time, quantitative PCR 599 (qPCR; see Supplementary file 7 for detailed primer information) as previously described (47). The 600 geometric mean of eef1a1l1, rpl13a and ubc was used as housekeeping endogenous control due to 601 their constant expression under the conditions analyzed. 602
Furthermore, incubation medium was collected to quantify testicular androgen (11-KT) and RA 603 release by radioimmunoassay (as described in (47)) and enzyme immunoassay (commercial kit, 604
MyBioSource), respectively. 605 606
Apoptosis detection by TUNEL 607
To determine the incidence of apoptosis, paraffin embedded testis tissue that was previously 608 incubated in the absence or presence of the test compounds was subjected to deoxynucleotidyl 609 transferase-mediated dUTP nick-end labeling (TUNEL). First, testis tissue was washed with PBS and 610 subsequently fixed in 4% PBS-buffered paraformaldehyde (4⁰C, overnight). After a 30 min wash with 611 PBS, testis tissue was dehydrated and embedded in paraffin. Sections of 4 μm thickness were treated 612 with permeabilization solution (0.1% Triton X-100, 0.1% sodium citrate) for 8 min. Finally, testis 613 tissue was incubated with TUNEL reaction mixture (In Situ Cell Death Detection Kit, Fluorescein; 614 Roche) in the dark at 37°C for 1 hour. After washing twice in PBS, sections were counterstained with 615 DAPI, mounted in Vectashield antifade mounting medium (Vector Laboratories) and analyzed by 616 confocal laser scanning microscopy (Zeiss LSM 700). Negative and positive controls were included in 617 each experimental set up (Supplementary file 5) . 618 619 sall4, rec8a and rec8b knockdown by GapmeR technology 620 sall4, rec8a and rec8b gene knockdown was investigated by using specific antisense 621 oligonucleotides (LNA™ GapmeRs; Exiqon). GapmeRs were dissolved in the incubation medium at 622 1 µM final concentration and applied to ex vivo tissue culture conditions for 4 days. Unassisted 623
GapmeR uptake method, called gymnosis, has been previously described (101, 102). Three technical 624
replicates per gene were performed and knockdown efficiency was confirmed by qPCR analysis, and 625 normalized to the negative GapmeR control. 626
627
Statiscal analysis 628
GraphPad Prism 5.0 package (GraphPad Software, Inc.) was used for statistical analysis. 629
Significant differences between groups were identified using Student's t test (paired or unpaired, as 630 appropriate) or one-way ANOVA followed by Tukey's test for multiple group comparisons (*, P < 631 0.05; **, P < 0.01; ***, P < 0.001; ns, no significant changes observed). Data are represented as mean 632 apoptotic cells. Data are expressed as mean ± SEM (n = 6; * P < 0.05, ** P < 0.01, *** P < 0.001, 913 paired Student's t test). Scale bar represents 25 µm. In E and H, data are shown as mean of fold 914 change ± SEM (n = 7-12) and expressed relative to the control condition, which is set at 1. Asterisks 915 indicate significant differences between treated and control groups (* P < 0.05. paired Student's t 916 test). 917 rate (grey bars) and embryo survival of fertilized eggs (black bars) from adult WT and dn-raraa 950 transgenic males. Mating was repeated every 7 days (data are shown as mean ± SEM; n = 4-6; ** P < 951 0.01, *** P < 0.001, one-way ANOVA followed by Tukey's multiple comparison test) and 952 fertilization and survival recorded 2 and 24 hours post-fertilization (24 hpf), respectively. (F) qPCR 953 quantification of RA-related gene and raraa DN391 transgene transcripts in 6 and 9 months-old WT and 954 dn-raraa testicular samples. Data are shown as mean fold change ± SEM (n = 3-4; * P < 0.05, ** P < 955 0.01, unpaired Student's t test) and expressed relative to the WT group, which is set at 1.
(G) 956
Transcript levels of steroidogenesis-related (star, hsd3b1, cyp17a1 and ar), Leydig cell (insl3) and 957 myoid cell (tagln) genes in WT and dn-raraa transgenic adult testes. Data are shown as mean fold 958 change ± SEM (n = 3-4; * P < 0.05, ** P < 0.01, unpaired Student's t test) and expressed relative to 959 the WT group, which is set at 1 (dashed line). 960 11-KT levels were determined by RIA. Data are expressed as mean ± SEM (n = 6-20; * P < 0.05, ** 966 P < 0.01, *** P < 0.001, one-way ANOVA followed by Tukey's multiple comparison test (A) or 967 paired Student's t test (B)). "ns" denotes no significant differences. (C and D) qPCR results of effects 968 of sall4 (C) and rec8a (D) knockdown via specific GapmeRs (1 µM) on steroidogenesis-related gene 969 expression in tissue culture conditions for 4 days. Data are shown as mean fold change ± SEM (n = 8-970 12, including three technical replicates; * P < 0.05, ** P < 0.01, *** P < 0.001, paired Student's t 971 test) and normalized to the GapmeR control (Ctrl), which is set at 1. 972 
